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Abstract 

Abstract: The reactions e + e~ — > tcv e v e) tce + e~ are very sensitive probes of the 
flavor-changing-scalar couplings which can occur in a model with one extra Higgs 
doublet. At the Next Linear Collider, with a center of mass energy of ^fs = 0.5-2 
TeV, several hundreds and up to thousands of such events may be produced if the 
mass of the light neutral Higgs is a few hundred GeV. We also briefly comment on 
the decays t — * cW + W~ , t — * cZZ. All of these reactions are severely suppressed in 
the Standard Model. 
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Understanding the nature of the scalar sector in electroweak theories and searching for 
flavor-changing (FC) currents are clearly important goals of the next generation of high energy 
colliders. The purpose of this work is to point out that the reactions: 

e + + e~ — » tcv e v e \ icv e v e ; tce + e~; tce + e~ (1) 

are extremely sensitive probes for such investigations and should be accessible to the next 
generation of e + -e~ linear colliders (NLC) currently being envisaged Q. 

As is well known, though there are stringent experimental constraints against the existence of 
tree level flavor-changing-scalar (FCS) transitions involving the light quarks |2], ||, |j, analogous 
constraints involving the top quark are essentially non-existent. In fact, it is natural to imagine 
that FCS interactions are proportional to the masses of the fermions participating at the vertex 
in such a scenario the large top mass makes it much more susceptible to FC transitions. 
This reasoning has led various authors to stress the importance of searching for tree-level FCS 
interactions involving the top-quark, especially the top-charm ones |5|, ||. Our study indicates 
that experimental investigations of the reactions in (|l|) could be very useful in this regard. 

A mild extension of the Standard Model (SM) in which one extra scalar doublet is added, 
allows for large, tree-level FCS interactions @. Therefore, the two Higgs doublet model (2HDM) 
scalar potential is usually constrained by a discrete symmetry Q whose only role is to forbid 
tree-level flavor-changing-scalar-currents. If one does not impose such a discrete symmetry 
by hand, one arrives at a version of the 2HDM, called Model III, wherein the up-type and the 
down- type quarks are allowed simultaneously to couple to more than one scalar doublet Q . The 
diagonalization of the quark mass matrices does not automatically ensure the diagonalization 
of the couplings with each single scalar doublet. Both up and down type quarks may then have 
FC couplings and the corresponding Yukawa Lagrangian in this model is ]?], ||] 

Cy° = ^jQi,LhU jjR + ^Qi,L<hD jtR + h.c. , (2) 

where fa denotes the second scalar doublet, fa = i^fa, Q stands for the quark doublets, and 
U and D for charge 2/3 and (-1/3) quarks singlets; i,j = 1,2,3 are the generation indices and 
£ are 3x3 matrices parameterizing the strength of FC neutral scalar vertices. The spectrum 
of the scalar sector in this model consists of two neutral Higgs scalars, denoted as h, H and a 
pseudoscalar A. In addition, the model has two charged scalars . 

The experimental constraints can be accommodated simply by imposing a hierarchy among 
the FC vertices || whose strength is correlated to the masses of the participating quarks. We 
will thus take 

= aw {y/nwnj/mw) hj ■ (3) 

which is often called the Cheng-Sher Ansatz (CSA) ||, ||, . 

In this scenario all our ignorance regarding the FCS vertices is in the couplings Ay which 
are free parameters to be experimentally determined. Assuming for now that they are real, 
there are six such couplings: A sc j, A& s , A^, \ cu , Xt u and Aj c . Detailed examination of low energy 
experimental data, primarily from Aflavor = 2 processes, leads to A S( ^, Af, s , X cu < 0.1 ||]. 
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Existing experimental information does not provide any useful constraints on Aj c ; in particular, 
we may well have \t c ~ ||. In this Letter we will show that if Xt c ~ experiments 

on reaction (|) at the NLC can lead to spectacular signatures. 

Our study shows that an extremely interesting feature of the reactions in (|l|) is that (within 
Model III) the cross-section for these reactions can be much larger than the simple s-channel 
reaction e + e~ — ► tc (see Atwood et. al. in ||). Indeed a uvtc = a(e + e~ — > tcv e u e + icv e v e ) is 
about two orders of magnitude larger than a(e + e~ —* tc + ic) over a large region of parameter 
space of Model III; also a eetc = a(e + e~ — > tce + e~ + ice + e~) is about one order of magnitude 
bigger than a(e + e~ — > tc + ic). Moreover, while the cross-section for producing tc drops as yfs 
increases, the cross-sections a eetc and a c increase with energy in the range 0.5 TeV < yfs < 
2 TeV. Thus, even if no tc events are detected at fs = 0.5 TeV via e + e~ — ► tc, there is still a 
strong motivation to look for signatures of (||), especially at somewhat higher energies. 

In exploring the reactions e + e~ — > tcv e v e , tce + e~ we will use the effective vector boson 
approximation (EVBA) ||]. The salient features of reaction (||) are then well approximated by 
the simpler fusion reactions 

W + W~,ZZ ^tc,ic (4) 

The corresponding cross sections for the reactions in (H) are then calculated by folding in the 
distribution functions f^ v , for a vector boson V (W or Z) with helicity hy 

The EVBA has been extensively studied in the production of a tt pair 0. There is. 
however, a significant difference between fusion leading to tc and to tt primarily due to the 
appreciable difference in the threshold of the two-reactions, due to mj 3> m c . For tc the 
fraction of the incoming vector-boson energy, x = yj s/s ( s is the cm. energy squared in the 
VV cm. frame and s in the e + e~ cm. frame), can drop below 0.05 near threshold, for yfs > 0.8 
TeV. In this small-x range (x < 0.05) the distribution functions are overestimated within the 
leading log approximation JTi~| , P^2[ . We will therefore use the distribution functions which retain 
higher orders in rriy/s as given in Ref. In the cross section a(VV — > tt) the dominant 

contribution oc (rut/my) 4 is generated by the longitudinal vector-boson contributions for which 
the polarization vector can be approximated by eg (A;) ~ k^/my. This approximation does 
not necessarily hold for the reaction VV — ► tc for which m v /s ~ m v /m^ near threshold. In 
particular, the cross-section for the reaction VV — ► H — ► tc (H denotes a neutral Higgs particle) 
scales like \^ -e\ v | 2 (see below). Thus not only is the (mt/my) A factor absent, but also, near 
threshold, the contribution from the transversely polarized V's is comparable to that of the 
longitudinal V's. We will therefore perform an exact calculation of <r(VV — > H — > tc) keeping 
all possible polarizations of the two colliding vector-bosons. 

It is interesting to note that while at tree-level, a eetc = in the SM, the parton level 
reaction W + W~ — > tc can proceed at tree-level, via Fig. la. However, numerically, due to 
GIM suppression, the results is found to be too small to be of experimental relevance: CgM C ~ 
10~ 5 - 10" 4 fb for y/s = 0.5 - 2 TeV @. We will henceforth neglect the SM contribution. 

In Model III there is an additional important tree-level contribution (see Fig. lb), originating 
from VV — > Tt — > tc, ic. Choosing for simplicity X tc = A c j = + iA/, the relevant terms of the 
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Model III Lagrangian with the CSA become: 



£ntc = t=- jHrtt(X R + iXa 5 )c, (5) 

V2 rn w 

£hvv = -gwm w C v cn Hg^VV" , (6) 

where C\v,z = l^zA"^; fh;H = cosd;sina and ch-h = sina; — cosa. The mixing angle a 
is determined by the Higgs potential. Note that the pseudoscalar A does not couple to gauge 
bosons and is therefore irrelevant for the reactions at hand. 

Within Model III a uutc , a eetc (a — > or vr/2) — ► at the tree-level. For definiteness, we will 
present our numerical results for a = 7r/4 [jl3|, [14]] . In calculating the cross sections we vary the 
mass of the lighter scalar h in the range 0.1 TeV < < 1 TeV, while holding fixed the mass 
of the heavy scalar H at ran = 1 TeV. 

For Model III, VV — > tc proceeds at tree-level via the s-channel neutral Higgs exchange 
of Fig. lb. Neglecting the SM diagram, the corresponding parton-level cross-section ay = 

& (Yh vl v h v2 -> m ) is s iven b y ; 



v 4s/3 v s^, \m w J I h v i h v2 \ I ri n 



2 X 



v / A f A c a + a_(a + A|j + a_Af) , (7) 



where A e = mj/s, a± = 1 — (vA7± VaJ . Pi = y 1 — 4A^ and 

U n = (l-A^+iAnA^y 1 , = T 2 H /s . (8) 

Given the couplings of Model III, the width of TL iXv) can De readily calculated [15]. The 



leading decay rates in this model are TL — * bb, tt, ZZ, W + W~ and tc, ct. We include all these 
contributions when calculating the above cross-sections. In our numerical results we will ignore 
CP violation and take A/ = and set Xr ; = A. 

Due to the orthogonality properties of the polarization vectors of the two spin one bosons 
there is no interference between the transverse and the longitudinal polarizations. Note that 
• ef\ 2 = 0, • e£\ 2 = 1, and \ef ■ ef\ 2 = (1 + V ) 2 /(1 - (3 2 ) 2 which grows with s. 
However, we can see from (^), that a v {A n -> 0) -> ensuring unitarity of the hard cross- 
section. 

In general, the transverse distribution functions are bigger than the longitudinal ones for 



x > 0.1 [11, 12 1 . Therefore, the relative smallness of the transverse hard cross-section compared 
to the longitudinal one is partly compensated for in the full cross-section. In particular, we find 
that the contribution from the transversely polarized W's(Z's) can give at most 25%(35%) of 
the corresponding full cross-section a vutc (a c ). 

It is evident from (0) that neglecting the small difference between mw and mz one finds 
o~w = &z- The main difference between a uutc and o~ eetc arises from the dissimilarity between the 
distribution functions for W and Z bosons. In particular, disregarding the subleading transverse 
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parts of the WW and the ZZ cross-sections, the relative strength between the W and the Z 
longitudinal distribution functions is given by [11, 12]: 



f z = 2c w 2 (2stv - s 2 w + 1/4) „ fW/ 3 , ( 9 ) 

Therefore, since the cross-sections a v and a eetc are dominated by collisions of longitudinal 
W's and Z's, respectively, o eetc is expected to be smaller by about one order of magnitude 
than a uutc , which is indeed what we find. We will thus only present numerical results for a vvtc , 
keeping in mind that a eetc exhibits the same behavior though suppressed by about one order of 
magnitude. 

Fig. 2 shows the dependence of the scaled cross-section a vutc /A 2 on the mass of the light 
Higgs rrih for four values of s ]l6fl . The cross-section peaks at rrih ~ 250 GeV and drops as the 
mass of the light Higgs approaches that of the heavy Higgs. Indeed as rrih — ► ttih, a vvtc jX 2 — > 
as expected when a = 7r/4 for which the couplings htc and Htc are identical. However, this 
"GIM like" cancelation does not operate when a ^ 7r/4 for which o vvtc jX 2 can stay at the fb 
level even for rrih — > mu [13]. When y/s = 2 TeV the cross-section is about 5 fb for A = 1 and 



rrih ~ 250 GeV. Note that the cross-section scales like A 2 so that even a moderate change of A, 
say by a factor of three, can increase or decrease the cross-section by one order of magnitude. 

It is evident from Fig. 2 that, for rrih — 250 GeV, in a NLC running at y/s > 1 TeV with 
an integrated luminosity of £ > 10 2 [fb] -1 , Model III (with A = 1) predicts hundreds and up 
to thousands of tcu e 9 e events, and tens to hundreds of tce + e~ events. Note also that even with 
rrih ~ 500 GeV, this projected luminosity can yield hundreds of tcu e u e events and tens of tce + e~ 
events at y/s = 1.5 TeV. The corresponding SM prediction is of course essentially zero events. 

It is also instructive to compare in Model III the production rate of e + e~ — > tcv e v e with 
that of e + e~ — ► ttv P v e . We recall that a vvtt = a(e + e~ — ► W + W~v f >v f . — > tiu P u P ) is dominated 



by collisions of two longitudinal W's at the parton level [11|. The reaction W + W — > tt can 



proceed through the t-channel b quark exchange and the s-channel j,Z,h and H exchanges (the 



diagrammatic description can be found in [11, [17|)- The helicity amplitudes for W^W L — * tt 
are: 



A _ ira mtVS 



(l+/3 t 2 )cos6>-2/3 t 



l+/3 t 2 -2/3 t cosi 

A_ n = ^^( —Jl±& ^sinfl, (10) 

' ' s w m w Vi+Z 3 ; ?-2/3 t cos6J ' > 

where r\ and f) denote the helicities of the t and i quarks respectively, b^H) = (— sind + 
u cos a; cos a + usind), u = \/2(Ar — irjXi/Pt)', 6 is the CM scattering angle, and is given in 
@ @- For simplicity we assumed Xu = Aj c = A. 

In Fig. 3 we plot the ratio R tc / U = a vvtc /a vvtt within Model III, for A = 1, d = vr/4 and 
rriH = 1 TeV as a function of the light Higgs mass, m^, and for y/s = 0.5, 1, 1.5 and 2 TeV. We 
find that a vvtt depends very weakly on rrih, with a small peak at around rrih = 400 GeV which 
fades as y/s grows. For y/s = 0.5 TeV and in the range 200 GeV <m h < 400 GeV, R tc/tt > 1. 
In particular, for rrih ~ 250 GeV, a vvtc can become almost two orders of magnitude larger than 
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a vvtt . As yfs grows, R tc/tt drops; in the range 200 GeV < m h < 400 GeV, we find that for 
y/s = l TeV, R tc / tl > 0.1, while for y-s = 1.5 - 2 TeV, 0.01 < R tc / a < 0.1. 

The dependence of <j wi * on A is significant only near its peak (at mh ~ 400 GeV); for 
200 GeV < mh < 400 GeV, where R tc / U acquires its largest values, R tc / U roughly scales as A 2 . 
Thus, again even a mild change in A can alter R tc / U appreciably. Hence, within Model III, with 
nih in the few-hundred GeV range, it is possible to observe comparable production rates for the 
tcv e u e and tiv e v e even at a NLC running at CM energies of about a TeV. 

Next we discuss the two rare decays t — > W + W~c and t — * ZZc. The latter is, of course, 
possible only if mt > 2mz +m c . Within the SM these decay channels are vanishingly small. For 
the first one, the tree-level decay, Br(i — ► W + W~c) « 10~ 13 — 10~ 12 due to GIM suppression 



|p.S| , |20| . For the second decay the branching ratio is even smaller since it occurs only at one 
loop. 

The situation is completely different in Model III where both decays occur at the tree-level 
through the FC Higgs exchange of Fig. lb. These decays are related to the fusion reactions 
(WW, ZZ — ► tc) by crossing symmetry. Thus in terms of the hard cross-section given in (|?]): 



(i-Cc) 



2 



^ V h v i,h V 2 

where Ty = T(t — * VVc) and Q = mi/mt- The scaled-branching-ratio (SBR) Br(i — * 
W + W~c)/X 2 is given in Fig. 4; it is largest for 2m\y ^ mh m t and drops rapidly in the 
regions < 2m\y or m/j > 200 GeV. For a wide range of rrih, the SBR is many orders of mag- 
nitude bigger than the SM. Indeed for optimal values of mh, lying in the very narrow window, 
2m\v < rrih < mt, the SBR~ 10~ 4 . It is typically a few times 10~ 7 for m^ > mt and can reach 
~ 10~ 6 in the < 2mw region. Concerning t — > ZZc, the branching ratio is typically ~ 10~ 5 
for (2mz + m c ) < mt < 200 GeV if again mh lies in a very narrow window, 2m z < mh < mt- 
Note that, in contrast to the SM, within Model III, Br(/i — > WW)^ 1 for a = vr/4; and, even 
for mh > 2mt, Br(/i — » I / Fll / )~ 0.7 ^Br(/i — > tt) pl| . Both decays are thus very sensitive to 
mt' for 170 GeV < mt < 200 GeV, a ~ 15 GeV shift in mt can generate an order of magnitude 
change in the Br in the region 2my < mh < mt. 

To summarize, in this paper, we have emphasized the importance of searching for the FC 
reactions, e + e~ — * tcv e v e and e + e~ — > tce + e~ , in a high energy e + e~ collider. These reactions 
are sensitive indicators of physics beyond the SM with new FC couplings of the top quark. As 
an illustrative example we have considered the consequences of extending the scalar sector of 
the SM with a second scalar doublet such that new FC couplings occur at the tree-level. We 
found that within a large portion of the free parameter space of the FC 2HDM, these new FC 
couplings may give rise to appreciable production rates for the tcu e D e and tce + e~ final states 
which can unambiguously indicate the existence of new physics. From the experimental point of 
view, it should be emphasized that although cr eetc is one order of magnitude smaller than a vvtc , 
the tce + e~ signature may be easier to detect as it does not have the missing energy associated 
with the two neutrinos in the tcu e v e final state. 
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In closing, we also wish to remark that it is most likely that the Higgs particle will have 
been discovered by the time the NLC starts its first run. If indeed such a particle is detected 
with a mass of a few hundreds GeV, it will be extremely important to investigate the reactions 
e + e~ — * tcv e v e and e + e~ — > tce + e~ at the NLC as it may serve as a strong evidence for the 
existence of a non-minimal scalar sector with FC scalar couplings to fermions. In addition, since 
supersymmetry strongly disfavors mt > 200 GeV, the detection of this particle above this limit 
would encourage the study of a general, non-super symmetric, extended scalar sector. 
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Figure Captions 

Fig. 1: (a) The Standard Model diagram for e + e~ — * tcv e v e \ (b) Diagrams for e + e~ — * 
tcv e i> e {e + e~) in Model III. 

Fig. 2: The cross-section a(e + e~ — > tcv e i> e + tcv e v e ) in units of A 2 as a function of mh for 
v / s = 0.5, 1,1.5 and 2 TeV. 

Fig. 3: The ratio R tc / a for A = 1 and mu = 1 TeV, as a function of m^ for ^/s = 0.5, 1, 1.5 
and 2 TeV. 

Fig. 4: The scaled branching ratio, Br(t — ► W + W~ c) / X 2 as a function of m^ for various 
values of m t . 
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